We use currently available data of nonleptonic charmless 2-body B → M M decays (M M = P P, PV, V V ) that are mediated by b → (d, s) QCD-and QED-penguin operators to study weak annihilation and new-physics effects in the framework of QCD factorization. In particular we introduce one weak-annihilation parameter for decays related by (u ↔ d) quark interchange and test this universality assumption. Within the standard model, the data supports this assumption with the only exceptions in the B → K π system, which exhibits the well-known "ΔA CP puzzle", and some tensions in B → K * φ. Beyond the standard model, we simultaneously determine weak-annihilation and new-physics parameters from data, employing modelindependent scenarios that address the "ΔA CP puzzle", such as QED-penguins and b → sūu current-current operators. We discuss also possibilities that allow further tests of our assumption once improved measurements from LHCb and Belle II become available.
Introduction
Nonleptonic charmless 2-body decays B → M M, with final state mesons M M = (P P, PV, V V ), form a large class of decays that allow one to test in principle the underlying tree and penguin topologies at the parton level, as predicted by the standard model (SM). Further, the subclass of QCD-and QED-penguin-dominated decays are sensitive to new physics (NP) beyond the SM, as any other b → (d, s) flavor-changing neutral-current (FCNC) process, which makes them valuable probes of the according shortdistance couplings.
The major obstacle to constraining the short-distance couplings with data is the evaluation of hadronic matrix elements in 2-body B-meson decays beyond naive factorization. In a e-mail: mgorbahn@liv.ac.uk view of this, strategies have been developed to construct tests of the weak phases of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix of the SM where the hadronic matrix elements are determined from data, usually involving additional assumptions of SU (2) and/or SU (3) flavor symmetries. Although this allows one to test the consistency of weak phases extracted in tree-and loop-induced processes in the framework of the SM, no other detailed information can be obtained on particular short-distance couplings of the involved QCD-and QED-penguin operators.
In this respect, systematic expansions in the heavy bottom quark mass, m b , yield at leading order in 1/m b a simplified representation of hadronic 2-body matrix elements in terms of rather well-known heavy-to-light form factors and distribution amplitudes (DA) of the involved mesons. These approaches, QCD factorization (QCDF) [1] [2] [3] [4] [5] [6] , soft-collinear effective theory (SCET) [7] [8] [9] [10] or perturbative QCD (pQCD) [11] [12] [13] [14] , provide predictions at leading order in 1/m b that allow one in principle to test short-distance couplings with data.
Weak annihilation (WA) contributions are formally of subleading order in 1/m b , but an additional chiral enhancement makes them phenomenologically relevant for a consistent description of experimental data in the SM and scenarios beyond. In QCDF and SCET, they are plagued by nonfactorizable divergences, which are present in endpoint regions of convolutions of meson DAs. In QCDF, these divergences are frequently parameterized by a phenomenological complex parameter [3] and hence are model-dependent. In particular, the associated strong phase governs the size of CP asymmetries. In practice this leads to large theoretical uncertainties in the prediction of observables [5, 15] . Although branching fractions and CP asymmetries are sensitive to new-physics effects, the model-dependence and the arising uncertainties due to the involved strong phases raise the question how reliable information can be extracted on the short-distance couplings.
Here we determine the model-dependence in the framework of QCDF from data, admitting one phenomenological parameter for decays B → M a M b that are related by (u ↔ d) quark exchange. The theoretical uncertainties of all other input parameters (see Appendix A) are treated as uncorrelated and have been included into the likelihood as explained in Appendix B. We use data of mostly QCD-penguin dominated B u,d decays into P P = K π, K η ( ) , K K or PV = Kρ, K φ, K ω, K * π, K * η ( ) or V V = K * ρ, K * φ, K * ω, K * K * , and further B s decays into P P = ππ, K K, K π or V V = φφ, K * φ, K * K * final states. We determine also the relative magnitude of subleading WA amplitudes compared to the relevant leading order amplitudes. The results within the context of the SM are presented in Sect. 4 . Given the current data, a simultaneous fit of the WA parameters and the short-distance couplings is pursued in Sect. 5 for generic NP extensions of the SM in order to explore the constraining power of these decays. Before presenting our results of the fit, we review the observables and collect the experimental input of charmless 2-body decays in Sect. 2. The relevant details of QCDF and the definition of the phenomenological parameter are summarized in Sect. 3. Various appendices collect additional material on numerical input in Appendix A and the statistical treatment of experimental and theoretical uncertainties as well as determination of pull values and p values in Appendix B.
B → M M observables and data
The 2-body decays of B mesons into final states f = P P, PV, V h V h with light charmless pseudoscalar (P) and/or vector (V h ) mesons with polarization mode h = L , ⊥, provide various observables in time-integrated, timedependent, and also angular analyses. These are reviewed in the first part of this section, whereas in the second part the according available experimental data is listed that has been used in the fits.
Observables
The most important observables for decays of charged B u mesons into a final state f are the CP-averaged branching fraction and the (direct) CP asymmetry 
The CP asymmetry due to nonvanishing width difference,
is an independent observable and provides complementary tests of physics beyond the SM. It can be obtained from measurements of effective lifetimes in untagged, but time-dependent rate measurements [17] or together with the mixing-induced CP asymmetry S f and the direct CP asymmetry C f = −A CP of a time-dependent analysis
where the mass difference of the heavy and light mass eigenstates is denoted as
The three CP asymmetries are not independent of each other, |S f | 2 + |C f | 2 + |H f | 2 = 1, and they are given in terms of one complex quantity 8) as follows: 1 [18] . Currently, the precision of experimental results does not yet allow one to test the SM prediction. Measurements are available from B-factories |y d | = (0.7 ± 0.9) · 10 −2 [19] and a recent determination of LHCb from effective lifetimes y d = (−2.2±1.4)·10 −2 [20] , which assumes the SM result for H f . Model-independent analysis of effects of NP in ΔΓ d show that there is still room for huge nonstandard contributions [21] . We use the approximation y d = 0 in all our predictions, which is well justified in the SM and also the considered NP scenarios.
On the other hand, ΔΓ s is not negligible and the current world average from B s → J/ψφ analyses alone is [19] y s = (5.8 ± 1.0) · 10 −2 , (2.10)
which will be used in our analysis. In general −1 ≤ H f ≤ 1, and therefore the correction factor on the r.h.s. of Eq. (2.4) can become of O(10 %) for final states f that are CP eigenstates, as has been found for some cases [16] . Other averages take into account B s → J/ψπ π angular analysis, the effective lifetime measurement of B s → K + K − and flavor-specific B s lifetime averages, which involve additional assumptions in the potential presence of new physics. They yield a slightly larger value than in Eq. (2.10), y s = (6.2 ± 0.9) · 10 −2 [19] , being consistent within the uncertainties.
Besides branching fractions and CP asymmetries, 2-body decays B → V V with subsequent decays V → P P provide additional observables in the full angular analysis of the 4-body final state [22] . The decay can be described in terms of three amplitudes, which can be chosen to correspond to definite helicities of the final-state vector mesons V a,h a V b,h b with h a = h b = (L , +, −) or, as in the following, transversity amplitudes: A ,⊥ = (A + ± A − )/ √ 2. The three magnitudes and two relative phases of the A h can be measured in a threefold angular decay distribution, where we follow the definitions [23] . Hence, five CPaveraged and CP-asymmetric observables can be measured in the case where tagging of the initial B-flavor is possible. There are polarization fractions and relative phases forB decays
(2.11)
In view of the normalization condition fB L + fB + fB ⊥ = 1 one uses the branching fraction and two of the polarization fractions. In combination with the same quantities from B decays, replacingĀ h → A h , one has three CP-averaged polarization fractions and three CP asymmetries
. (2.12) Concerning the phases, the following two CP-averaged and CP-violating observables can be constructed for h = ( , ⊥):
This convention implies φ h = Δφ h = 0 at leading order in QCDF, where all strong phases are zero [23] and might differ for the sign of A L relative to A ,⊥ adopted by experimental collaborations.
In the case of B s → V V decays, again a correction factor Eq. (2.4) due to y s = 0 applies, however, now
(2.14)
Here H f h is defined as in Eq. (2.9) and the quantity λ f is evaluated with A f → A f h . Besides these observables, further combinations are considered that involve different types of charged and neutral B, M a , and M b mesons. They are either ratios of branching fractions or differences of direct CP asymmetries. The complete set of ratios [15, 31] is following two differences of direct CP asymmetries are frequently considered: 16) in which in QCDF a cancelation of uncertainties takes place [32] . In order to separate NP effects in decays from those in B D − B D mixing in S f , we define the observables [33, 34] 18) in which the angles of the CKM unitarity triangle are defined as β = arg λ d c /λ d t and β s = arg λ s t /λ s c . This source of CP violation enters the mixing-induced CP asymmetry of most decays that are triggered by b → s transition in the same way and can be eliminated by the construction of ΔS f , which therefore exclusively measures the interference of CP violation in the decay and in mixing.
Data
We investigate mainly B → M M decays mediated by b → s transitions but will consider also some b → d examples. The final 2-meson state M M consists either out of two pseudoscalars (M M = P P) or one pseudoscalar and one vector (M M = PV ) 1 or two vectors (M M = V V ), which are listed in Tables 1, 2 , and 3, respectively, together with the observables that have been measured. We use the most recent values of branching ratios B as well as direct and mixing-induced CP asymmetries A CP = −C and S from the Heavy Flavor Averaging Group (HFAG) 2012 compilation and updates from 2013/2014 on the website [19] . For decays into V V final states we include also the data of polarization fractions f L ,⊥ , the relative phases φ ,⊥ and CP asymmetries C L ,⊥ . Meanwhile, some observables had been updated or measured for the first time from individual experiments and not yet included in the HFAG averages. In these cases we do not make use of HFAG averages, but instead all measurements from individual experiments enter the likelihood function in Eq. (B3) as single measurements. The according references are given explicitly in the tables for such cases.
In addition we investigate the complementarity of composed observables, the ratios R B,M a ,M b c,n (2.15) of branching fractions and differences of CP asymmetries ΔC (2.16). In the future, it is desirable to have direct experimental determinations of the uncertainties for these "composed" observ- 
ables that already account for the cancelation of common experimental systematic uncertainties, which are only accessible to the experimental collaborations themselves. This is important, since usually outsiders are not in the position to account retroactively for cancelations of systematic errors and are restricted to the application of rules of error propagation to the uncertainties of the measurements of the involved components, which then might result in too conservative estimates. Of course such a procedure on the experimental side requires that the according decay modes with charged and neutral initial/final states can be analyzed simultaneously, which is the case for Babar, Belle, and also Belle II. In this context it should be noted that ratios of gaussian distributed quantities are not gaussian distributed, although the differences are small as long as the tail regions of the distribution do not contribute. The details of the treatment of Gaussian and ratio of Gaussian distributed experimental probability distributions of the measurements are given in Appendix B.
The Tables 1, 2 , and 3 show that the decay systems B → K π, K * π, Kρ, K * ρ (and K * φ) are the ones with the most measured observables, allowing to investigate the complementarity of the constraints imposed on the phenomenological parameter of WA by branching fractions versus CP asymmetries versus other observables in V V final states. In these cases we can also form the ratios of branching fractions Eq. (2.15) and differences of CP asymmetries Eq. (2.16). We will perform fits using two different sets of observables for these systems. In the first, called "Set I", we will use four branching fractions and four direct CP asymmetries. In the lack of precise experimental data on the mixinginduced CP asymmetry S, we rather prefer to predict them from the results of the fit then including them in the fit; see Appendix B.4 for details on the procedure. Such predictions can be tested with measurements of S by Belle II and LHCb in the near future [40] [41] [42] and are given for the SM and some NP fits in Tables 7 and 10 . The second "Set II" contains the fully independent observables of one branching fraction, three ratios R B,M a ,M b c,n , three direct CP asymmetries C and the difference of CP asymmetries ΔC-see Table 5 for the explicit list of observables. In summary:
(2.19)
B → M M in QCD factorization
Here we revisit the building blocks that arise in QCDF to calculate the final-state-dependent corrections needed for a suitable prediction of the decay amplitudes λ f Eq. (2.8) and details of their treatment in our analysis. Most importantly, the parametrization of the endpoint divergences arising in weak-annihilation (WA) and hard-scattering (HS) contributions are given, which will be determined from experimental data in Sects. 4 and 5 in the framework of the SM and scenarios of NP, respectively. Further, we describe in Sect. 3.2 the determination of the relative magnitude of WA amplitudes compared to the leading ones in the SM and NP scenarios, as they are formally of subleading order in 1/m b , but chirally enhanced.
In our analysis all decay modes are driven by the same flavor transition b → D (D = d, s), which is described by the effective Hamiltonian of electroweak interactions. In the SM [2, 3] 
where G F denotes the Fermi constant and λ
are products of elements of the CKM matrix. The flavorchanging operators are 
Weak annihilation in QCDF
As was established by Beneke et al. [2, 3] , the matrix elements of the involved operators can be treated systematically in a 1/m b expansion that has become known as QCD factorization (QCDF). At leading order this yields
two terms with hard-scattering kernels T I,II , which are calculable in perturbation theory to higher orders in the QCD coupling α s . They are convoluted with light-cone distribution amplitudes (DA) of the light mesons, denoted as Φ M i , and are multiplied by the corresponding heavy-to-light form factors F B→M i j in the case of T I and involve an additional convolution with the B-meson distribution amplitude Φ B in the case of T II . In Eq. (3.3), the meson M 1 inherits the spectator quark of the decaying B meson, and depending on the final state, the decay amplitude might depend also on matrix elements with M 1 ↔ M 2 ; see [3, 5] for details.
At leading order in 1/m b , the perturbative kernels T I,II have been calculated up to NLO in strong coupling α s [2, 3] and throughout we will stay within this approximation. Contrary to previous works [3, 5, 15] , we employ Wilson coefficients of the weak Hamiltonian evaluated at the scale m b even in WA and HS contributions, only the strong coupling α s is evaluated at the semi-hard scale μ h = Λ QCD m b . In the SCET approach this is apparent as a subsequent matching step from QCD to SCET I taken at μ ∼ m b such that the Wilson coefficients of the weak Hamiltonian do not run below m b , whereas α s does. Equivalent arguments in the framework of QCDF can be found in [43] .
The NNLO α s corrections to T I,II are work in progress and by now the only lacking part are corrections to T I from QCD-and QED-penguin operators i = 3, . . . , 10 as well as the dipole operators i = 7γ, 8g. These NNLO corrections are especially important for decays under consideration here because strong phases are generated in QCDF only at NLO and higher order corrections might be large, apart from the reduction of renormalization scheme dependences. In the case of the color-allowed and color-suppressed currentcurrent contributions due to O p 1,2 , the NNLO contributions to T I cancel in large parts for both, real and imaginary parts, [44] [45] [46] with the ones to T II [47] [48] [49] in the corresponding amplitudes α 1,2 (M M) [46, 50] for M M = ππ, ρπ, leaving them close to NLO predictions. This might not be the case for final states considered here.
As it is discussed in detail in the literature [3, 5] , contributions from HS and WA topologies, which are subleading in 1/m b , elude so far from a systematic treatment in QCDF. However, they can be chirally enhanced and contribute sizable corrections in predictions. Due to the ignorance of the respective QCD mechanisms, additional phenomenological parameters were introduced
with the complex parameters ρ k for k = A, H . In the HS they originate from terms involving twist-3 lightcone DAs Φ m1 (y) with Φ m1 (y) = 0 for y → 1 in convolutions 1, 2, 3 ), which are characterized by gluon emission from the initial (i) and final ( f ) states and the three possible Dirac structures that are involved:
, and k = 3 for (−2)(S − P) ⊗ (S + P). They contribute to non-singlet annihilation amplitudes with specific combinations of Wilson coefficients of the 4-quark operators [3, 5] 
where the argument M 1 M 2 has been suppressed and
As in the case of HS, the endpoint singularities in WA amplitudes are regulated in a model-dependent fashion. The results are expressed in terms of convolutions of hard-scattering kernels with DAs of twist-2 and chirally enhanced twist-3, involving phenomeno- [53] , however, in this approach the calculation of A i, f k does not suffer from endpoint singularities due to different assumptions and approximations. With the latter in mind, a more general approach would be to interpret the building blocks themselves as phenomenological parameters, or equivalently introduce one X A for each of them. When investigating new-physics effects, it is desirable to keep the explicit dependence on the Wilson coefficients in (3.6) since they depend on NP parameters, including new weak phases. In the case of non-negligible WA contributions, the CP asymmetries and branching fractions will be sensitive to the interference of the new-physics phases and the strong phases from X A .
As already indicated, the phenomenological parameters X A,H are unknown and their size is conventionally adjusted within some range |ρ A,H | 2 to reproduce data whereas the phase φ A,H is kept arbitrary and varied freely to estimate the uncertainty in theoretical predictions of observables within QCDF due to WA and HS. This procedure showed the phenomenological importance of WA and constitutes a major source of theoretical uncertainty in predictions within the SM [5] and searches beyond [15] and below we will refer to it as "conventional QCDF".
In this work, we are going to fit ρ A -and for B → K π also ρ H -from data. As a consequence, no predictions will be possible for those observables that are used in the fit, while the fitted values of ρ A depend on the short-distance model under consideration. Yet, the consistency of the underlying short-distance model can be tested. We perform our fits in the framework of the SM, and further in new-physics scenarios simultaneously with the additional NP parameters. In the latter case, the determination of the NP parameters will take into account the uncertainty of the WA contribution when marginalizing over ρ A .
This procedure is different from conventional QCDF in as much as it assumes one universal parameter ρ A for all observables in one specific decay mode. Indeed, in conventional QCDF the independent variation of ρ A,H for each observable in a specific decay corresponds to a different WA (and HS) parameter for each observable. However, since in QCDF the parameters ρ A,H are introduced at the level of decay amplitudes one would expect that they are the same for all observables of a specific decay mode. Consequently, conventional QCDF allows for situations where experimental measurements and theory predictions for two observables are in agreement, although for the first observable the agreement is reached for values of φ A,H that might be very different from those where the agreement is reached for the second observable.
In the lack of precise data for most of the decays, we make the further assumption of a WA parameter that is even universal for decay modes that are related by the exchange of (u ↔ d) quarks. As an example, this allows one to combine observables of the four decay channelsB 0 → K 0 π 0 , K − π + , and B − → K − π 0 ,K 0 π − , to which we refer as "decay system" B → K π . All considered decay systems and the according observables have been listed in Tables 1, 2 , and 3. This assumption is motivated by the circumstance that the dominant contributions to the amplitude in all considered decays come actually from the linear combinationα 4 [54] .
The procedure reflects the general idea inherent to 1/m b expansions, which aim at a factorization into short-distance and universal nonperturbative quantities, where the latter are determined from data in the lack of first-principle determinations. Presently, however, factorization theorems are not yet established at subleading order that would support the existence of such universal quantities. While steps have been made to show that weak annihilation is factorizable and real [55] , doubts are cast on the reality condition [56] . In view of this, our study can affirm at most experimental evidence against the assumption of one universal parameter per decay system. Therefore a positive affirmation may not be over interpreted. Finally, it must also be noted that contributions of not included NNLO corrections could be sizeable and in our fits they are interpreted as part of the phenomenological WA parameter.
Size of power-suppressed corrections
In this work, we determine the size of subleading WA (and HS) contributions from data in the framework of the SM and NP scenarios. Due to the chiral enhancement, WA contributions are not necessarily 1/m b suppressed numerically with respect to the leading order amplitudes. Therefore, it is of interest to know the relative magnitude of WA to leading amplitudes for the best-fit regions of ρ A(H ) . For this purpose we introduce the quantities
, (3.9) for WA and 
The most important contribution from power-suppressed corrections are clearly obtained from HS in α 2 , which is enhanced by the large Wilson coefficient C 1 and from the WA correction β 3 in QCD-penguin-dominated decays. Therefore ξ H 2 and ξ A 3 will play an important role in the phenomenological part of this work.
In the SM, the ξ A -ratios depend exclusively on ρ A and contour lines of constant ξ A can easily be obtained in the complex ρ A -plane. Concerning fits in new-physics scenarios, the ξ A -ratios depend in addition on new-physics parameters x NP , where dim(x NP ) corresponds to their number. The dependence is both, explicit in the Wilson coefficients and implicit on data via the likelihood. In this case one would be interested in the minimal value of ξ A i (x NP ) in the 68 % credibility regions (CR) of all NP parameters, but marginalized over ρ A . Since the determination of this CRs requires huge computational efforts when dim(x NP ) > 2, we proceed differently. In the course of the fit, we histogram in all two-dimensional subspaces of NP parameters 
Weak annihilation in the standard model
In this section we present the results of the determination of the WA parameter ρ A from data of various QCD-penguinand WA-dominated nonleptonic charmless B → M M decays in the framework of the SM. This includes characteristics of the best-fit regions, the p values at the best-fit point and pull values for observables, as well as the relative amount of the subleading WA contribution needed to explain the data, which we quantify by the ratio ξ A 3 defined in Eq. (3.9).
We start with an extensive discussion of the B → K π system, which shows the largest deviations from SM predictions for the difference of CP asymmetries ΔC(K π) (see Eq. (2.16)), commonly known in the literature as the "ΔA CP puzzle" and to a lesser extent in the ratio R B n (K π). We investigate the "ΔA CP puzzle" further in a simultaneous fit of the parameter of WA, ρ A , and HS, ρ H , and discuss the implications on other CP asymmetries in
We turn then to the discussion of the decays B → Kρ, K * ρ, K * π , which allow also for studies of different sets of observables in Set I and Set II due to the rather numerous and quite precise measurements. Subsequently, we discuss briefly the results for other decays listed in Tables 1, 2 , and 3 with some special comments on B → K ω and B → K * φ. For each decay system we present separate constraints from branching fractions, CP asymmetries, polarization fractions and relative phases on the WA parameter ρ A , besides the combined ones.
Apart from the above listed penguin-dominated decays, we also study decays mediated solely by weak annihilation, such as B → K + K − and B s → π + π − . Being independent of β 3 and hence A f 3 , these decay modes are sensitive to a WA contribution from A i 1,2 and provide access to different building blocks.
Based on our previous fit results, we discuss finally the assumption of a universal WA for B d and B s decays into the same final state and investigate in particular consequences for CP asymmetries in
The statistical procedure used in all fits is described in Appendix B. In the SM, we deal mostly with the fit of one complex-valued parameter ρ A except for the B → K π system, where we also perform a simultaneous fit of ρ A and ρ H . When fitted, for both parameters a uniform prior
is assumed and no restriction is imposed on the phases. In comparison, in conventional QCDF the magnitude |ρ A,H | ≤ 2 is used for uncertainty estimates of theoretical predictions. In the case that ρ H is not fitted, but treated as a nuisance parameter instead, we use |ρ H | = 1 and vary 0 ≤ φ H ≤ 2π .
Our findings for lower and upper bounds on ρ A in the 68 % CR are summarized in Table 4 for all considered decay systems. It can be seen that data requires nonzero values of |ρ A | to be in agreement with QCDF predictions in the SM. In some cases they are much larger compared to the conventionally adapted ranges, allowing thus in principle for a better agreement of theoretical predictions with data. Since we use Wilson coefficients at the scale μ ∼ m b in WA (and HS) contributions, contrary to [5, 15] , our numerical values of |ρ A | are in general a bit larger compared to the ones known in the literature. Representing the size of a nonperturbative quantity, |ρ A | is expected naively to be of order one, whereas too large values would put in doubt the convergence of the 1/m b expansion.
Further we list the ratio ξ A 3 of WA amplitudes to leading ones as a measure of the numerical relevance of these formally subleading but chirality enhanced contributions. While large subleading WA amplitudes do not necessarily imply a breakdown of the 1/m b expansion, it is generally assumed that the factorization achieved at leading order proves useful only if subleading WA amplitudes are not be too large. Using the priors for our analysis which result in a wide range for ξ A 3 , we can explicitly show that data does not require huge WA. At the best-fit point of ρ A the according value is indeed ξ A 3 < 1 for many decay systems. Although at the best-fit point ξ A 3 might reach values up to 2 or even 3 for some decay systems, once considering the 68 % CR in ρ A , it is possible to have again ξ A 3 < 1 (except for B s → K * K * ) for the price of some tension among data and prediction. Bearing in mind the chirality enhancement, our fits of the data thus do not indicate anomalously huge WA contributions, which put the usefulness of the 1/m b expansion into question in principle. By definition, there is no ξ A 3 for the two pure WA modes
Results for B → K π
In this section we discuss first fits of only ρ A from B → K π observables encountering thereby the well-known "ΔA CP puzzle". In the SM it can be explained only reasonably well in the presence of large color-suppressed current-current tree contributions that are strongly dependent on ρ H . Therefore we perform in a second step a simultaneous fit of ρ A and ρ H to a modified set of B → K π observables, and discuss the possibility to discern large color-suppressed tree contributions in future measurements of CP asymmetries with K 0 π 0 final states. It should be emphasized that in general both, ρ A and ρ H should be considered in fits due to their different contributions to CP-averaged and asymmetric observables. Hence simultaneous fits of ρ A and ρ H are in principle of greater interest, but apart from B → K π data, the current precision of other decay system's data does not yet permit this kind of analysis. Table 4 Compilation of the power-suppressed ratio ξ A 3 at the best-fit point (BFP) and in the 68 and 95 % CRs, as well as lower and upper bounds on the fit parameter |ρ A | in the 68 % CR for all relevant decay systems. For B → (K π, K * π, Kρ, K * ρ), values correspond to the fit with the observable Set II. The pure WA decay B 0 → K + K − is not included in the decay system B → K K and ρ A -bounds are given separately in parentheses The B → K π system offers the most precise measured branching fractions and CP asymmetries (see Table 1 ) among the decays considered here. In consequence, we find stringent bounds on the WA parameter ρ K π A . This can be seen in (blue) as well as C and/or ΔC (green) are very distinct leaving two tiny overlap regions (red) at 68 % probability around ρ K π A ≈ 2.1 exp(i 5.5) and ρ K π A ≈ 3.4 exp(i 2.7), which differ only slightly for both Sets I and II. The best-fit points listed in Table 5 fall into the solution with larger |ρ K π A | ≈ 3.4, but it must be noted that the other solution provides almost equally good fits in terms of χ 2 .
As shown in Table 5 In the following we will elaborate on the constraints posed by individual observables. For example, the general shape of the contour of branching fractions can easily be understood as follows: The leading contribution of the decay ampli-
is given as the sum of the QCD-penguin and the ρ A -dependent WA amplitudes 
Large pull values are in bold α c 4 and β c 3 , respectively. The experimental measurement of the branching fraction restrictsα c 4 to a circle in its imaginary plane
where the r i = (r T , r C T , r EW , r C EW , r A EW )'s [15] are numerically small, mode-dependent corrections, normalized toα c 4 .
Consequently, β c 3 (ρ 2 A , ρ A ) can interfere constructively or destructively with α c 4 depending on the phase of ρ K π A . For φ K π A ∼ 0, π, the WA contribution is mainly real and contributes constructively to α c 4 . However, the contributions to β c 3 that are linear and quadratic in ρ A also interfere with each other either constructively (
where β c 3 becomes purely imaginary and interferes destructively with α c 4 . In summary, the four branching-fraction measurements in Set I of the B → K π system can be described by a single universal ρ A and by themselves they do not exclude any value of the phase and allow up to |ρ K π A | 6. Whereas the branching fractions fix the modulus of 
Here the c i denote proportionality factors and terms proportional to Im(r i ) are denoted by dots. The latter become numerically important only in the vicinity ofφ c 4 ∼ π/2, (3π/2), and they are fully included in the fits. Hence these ratios are sensitive to flips ofφ c 4 by π . As can be seen in Fig. 1b , the data disfavors and excludes to a large extent the scenario of large WA when using observable Set II, i.e., purely imaginary β c 3 , which would interfere destructively with α c 4 . There is no need for anomalously large WA contributions to describe B → K π data of branching fractions and their ratios in QCDF within the SM. Moreover, at 68 % probability the largest portion of allowed ρ K π A parameter space is within ξ A 3 (K π) < 0.5. We provide also separately the constraints from direct CP asymmetries. In QCDF the strong phase, necessary for CP violation, arises at O(α s ), respectively O(1/m b ), and is thus included only to leading order in our numerical evaluations. Currently, CP asymmetries with neutral kaons in the final state are measured to be small with large errors, whereas the ones with charged kaons are observed to be large and with a relative opposite sign. For the latter decays, the leading terms to the CP asymmetries are from color-allowed, r T , and color-suppressed, r C T , penguin-to-tree ratios [15] ,
where the measured values are taken from [19] , and γ denotes the angle of the CKM unitarity triangle. Their difference is dominated by the color-suppressed tree amplitude
In QCDF, one has 
hold for the central values as well as the variation of theory parameters and ρ K π A at the best-fit point of Set II listed in Table 5 . We kept explicitly the dependence of r C T on the HS parameter ρ K π H , which is numerically irrelevant for r T . It can be seen that r C T can be enhanced if Re( ∼ π/2 that gives rise to strong cancelations in destructive interference of α c 4 and β c 3 and leads to large theoretical uncertainties, which in turn allows for good agreement with the data. Apart from the fact that branching fraction measurements would become incompatible at more than 30σ , neglected higher order perturbative and power corrections would become important in these regions of parameter space putting into doubt the reliability of the prediction. However, there are substantial parts of the 68 % CRs with ξ A (K π) < 0.5 and the size of WA contributions can be as low as 0.25, for which these comments do not apply.
The very same figures (Fig. 1a, b) show also that there is no or hardly any overlap at 95 % probability of the allowed regions from branching fractions (blue) and those from CP asymmetries (green). In our approach, the so-called "ΔA CP puzzle" manifests itself only in the combined fit of branching fractions and CP asymmetries, where then large pull values arise for ΔC (Set II), or equivalently also C(B − → K − π 0 ) (Set I). These pull values are shown in Table 5 and caused by the higher statistical weight of the branching-fraction measurements. So one might wonder how previous QCDF analyses, for example [15, 57] , arrived at a "ΔA CP puzzle" based on the conventional approach, where ρ A is varied independently for each observable? The answer is rather simple: there the uncertainty of an observable is determined by the spread of values obtained in a scan of ρ A with |ρ K π A | ≈ 1 and arbitrary phase φ K π A . Moreover, the central value of the observable is usually assigned by definition to φ K π A = 0. This corresponds in Fig. 1a , b to a line of constant |ρ K π A | = 1, which yields only consistent results for branching fractions, but never for the combination of CP asymmetries, i.e. those CP asymmetries which dominate statistically 
The available experimental results are shown with 1σ errors and a prediction from QCDF with the conventional uncertainty estimate is labeled "conv. QCDF". The 68 % credibility intervals for the predictions are given on the top of both panels for conventional ρ H (brown) and in brackets for fitted ρ H (purple) over the ones with large experimental errors. In the conventional approach there will be no "ΔA CP puzzle" once larger values of |ρ K π A | 2 and a fine stepsize for the variation of φ K π A are permitted in the scan, implying of course larger
0.5 and increased theoretical uncertainties. We note that C(B − → K 0 π − ) almost vanishes in QCDF and even in the presence of large power corrections it is difficult to increase the predictions beyond 1 %, such that the current pull of 1σ (see Table 5 ) can hardly be reduced. We emphasize again the different assumptions underlying our approach, i.e., WA parameters are universal among decays related by (u ↔ d) quark exchange, but need not be small and are determined from data, contrary to the conventional approach, i.e., WA parameters are scanned over a rather small range and the resulting errors correspond to non-universal parameters.
The results of the combined fit of branching fractions and CP asymmetries had been already discussed at the beginning of this section. Whereas CP asymmetries involved in the "ΔA CP puzzle" exhibit larger pull values for both sets of observables Set I and Set II, predictions of branching fractions are in good agreement with the corresponding measurements, in part also due to large form factor uncertainties. The latter parametric dependence cancels to a large extent in the ratios of branching fractions and yields a large pull value of −1.9σ for R B n (K π) in Set II, which contributes also to the problematic p value of 0.04. In a fit of Set II without CP asymmetries we obtain pull values of −1.2σ for R B n (K π), 0.4σ for R K c (K π) and 0.6σ for R π c (K π), which can be compared to the pull in Table 5 when including CP asymmetries. This can also be seen in Fig. 1b , where the solution of the combined fit (red) at ρ A ∼ 3.3 exp(2.7 i) does neither overlap with the 68 % CRs from B/R n,c (blue) nor from C/ΔC (green).
Finally, we explore in more detail the discrepancy in ΔC, departing from the conventional error estimate of power cor-rections of HS contributions that had been used until now; see Appendix A. As previously mentioned in Eq. (4.6), the colorsuppressed tree amplitude α u 2 determines the magnitude of r C T ∝ |λ Only for a rather large ρ i A 4 will the β 2 contribution be comparable to the theory uncertainties of the leading amplitudes in ΔC. Finally we note that as a consequence of our approximation, the effect of other neglected but potentially enhanced subleading corrections in the 1/m b expansion will be contained in ρ H and ρ A . For example large different subleading corrections from QCD penguins for the up and charm sectors, as found in [58] , will be absorbed into β 2 (ρ H ) and β 3 (ρ A ) respectively. In view of the limited number of observables it is not possible to discern the various scenarios of enhanced subleading corrections with the B → K π system alone.
The results of a fit to the partial observable Set II for the parameters ρ K π H and ρ K π A is shown in purple in Fig. 2a , b, respectively. We have removed the CP asymmetry C(B d → K 0 π 0 ) that is very sensitive to HS, but its current measurement does not provide any constraints, making it an ideal candidate for a prediction. In contrast, R B n (K π) is not very sensitive to HS, but its large pull value would force ρ K π H to large values, which might not be necessary to explain ΔC. For comparison we depict as brown contours also the ones from Fig. 1b and provide contour lines of constant ξ H 2 (K π) and ξ A 3 (K π). We find that the prediction of ΔC = −0.11 +0.04 −0.02 at the best-fit point ρ K π H = 3.3 exp(3.7 i) coincides, within experimental uncertainties, with the measurement Eq. (4.6). The preferred phase of φ K π H ∼ (3π/2) implies that HS contributions to α u 2 (K π) are mainly imaginary and interfere constructively with the imaginary part of the vertex corrections. At the best-fit point, all observables have zero pull values except for a 0.8σ pull in C(B − →K 0 π − ) and R B n , which had been discarded from the fit.
As can be seen in Fig. 2a, the 
is admitted in estimates of theoretical uncertainties, which is a remnant artifact of the parametrization
In the fit this contour line lies within the 95 % CR for 1.8
|ρ K π H | 2.8 and for the smallest |ρ K π H | = 1.8 at φ K π H = 4.6, the pull of ΔC decreases, to −1.0σ , compared to 2.8σ in the SM. Concerning the WA corrections shown in Fig. 2b, |ρ K 
c |. The predictions of both CP asymmetries are shown in Fig. 2c , d, respectively, with color coding as in Fig. 2a, b . Once measured, respectively measured with higher precision, both will allow one to test the assumption of large HS contributions to
and
The predictions labeled "fit ρ H " and "scan ρ H " are shown in purple and brown, respectively, whereas the QCDF prediction for the conventional approach (with scanned ρ A ) are labeled "QCDF" in Fig. 2c, d . At the current stage, the measurement of C(B d → K 0 π 0 ) prefers smaller HS contributions although the uncertainty is still too large to draw a definite conclusion. Fig. 2e . Whereas the conventional treatment of ρ H predicts rather small uncertainties for both observables, uncertainties are much larger when fitting ρ H . Still, both predictions are clearly distinct since the large HS scenario yields large C(B d → K 0 π 0 ) compared to the conventional treatment. These findings are in agreement with previous studies [58, 59] .
A similar analysis of enhanced HS contributions [60] has found a best-fit point at ρ K π H = 4.9 exp(4.9 i). Bearing in mind that different numerical input, e.g. λ B = 0. 35 GeV, has been used, their result lies in the ballpark of our 68 % CR. The very recent work [61] also deals with fits of WA and HS parameters ρ A,H in B → P P decays (P P = ππ, K π, K K ) in the SM in the framework of QCDF. In our study one ρ
is considered for each of the three decay systems separately. Instead, in [61] is rather strongly constrained with two solutions similar to the ones shown in Fig. 1. Concerning ρ H , similar regions are found as in our Fig. 2a in scenario III of [61] .
Results for
In this section we discuss decay systems obtained from the replacement of a pseudoscalar in B → K π by its vector meson equivalent π ↔ ρ and K ↔ K * . Indeed, QCDF implies some qualitative differences when changing the spin of the final-state particles, but since the parametrization of the decay amplitudes of all four decay systems is equal, one might expect the discussed features of the B → K π system to appear also in B → K * π (PV ), B → Kρ (V P) 3 and B → K * ρ (V V ). Currently the experimental measurements are not as precise as for B → K π , and no striking tensions are found as can be seen from the p values 4 and pulls of observables in Table 5 .
The allowed regions of ρ
are shown in Fig. 3 for the observable Set I (upper panels) and Set II (lower panels). As before, the 68 and 95 % CRs allowed by fits from only B/R c,n or only C/ΔC and in addition for M 1 M 2 = V V also only f L are color coded as blue, green and cyan, whereas the combined regions are depicted in red. As in the case of B → K π , the combined constraints on ρ
from Set I and Set II observables are compatible with each other, but more stringent from Set I, especially for B → Kρ and B → K * ρ. Remarkably, the data of all four decay systems
There is overlap at the 68 % probability level for all three systems for the solution φ A ∼ 2π and at 95 % probability for φ A ∼ π . This is also supported by the data of f L in B → K * ρ, where the measurements of CP asymmetries are not very precise yet and otherwise no stringent constrains on ρ K * ρ A could have been obtained from branching-fraction measurements alone. 3 The classification of decays into M 1 M 2 = PV and V P refers to the amplitude α c 4 (M 1 M 2 ), which indeed exclusively occurs in that combination in all decay amplitudes of both decay systems. Nevertheless, some other α i with i = 4 also contain contributions in which the pseudoscalar and vector mesons are interchanged. 4 A good description of the experimental data of Set I observables has also been found in an amplitude fit [62] .
The relative amount of power corrections to the leading contribution for PV , V P, and V V final states is collected in Table 4 and indicated in Fig. 3 by contour lines of constant ξ A 3 (M 1 M 2 ) = 0.25, 0.5, 1.0. It is typically larger by a factor of 2−3 compared to the P P final state in B → K π , which is a qualitative feature of QCDF. The leading QCD-penguin flavor amplitude is a linear combination of the vector amplitude, a 4 , and the chirally enhanced scalar QCD-penguin amplitude, a 6 , [5] 
where the "+" sign applies to M 1 M 2 = P P, PV and the "−" sign to M 1 M 2 = V P, V V final states. The two contributions interfere destructively in the case M 1 M 2 = V P leading to smaller QCD-penguin amplitudes than for M 1 M 2 = P P. Further, the tree-level contribution to Fig. 3b , c. The largest pull values arise for CP asymmetries C(B − → K * 0 π − ) with +1.0σ and C(B − →K 0 ρ − ) with +0.7σ . As in the case of C(B − →K 0 π − ), these CP asymmetries almost vanish in our approximation and it is difficult to increase the predictions beyond 1 %, unless one considers additional large subleading corrections [58] .
The advantage of observable Set II strongly depends on cancelation of theory uncertainties, as for example the form factors in the ratios of branching fractions. Especially in cases where WA contributions are large compared to the leading amplitude, i.e., large ξ A 3 , the reduction of uncertainties is less effective and there is no unambiguous preference for the use of either Set I nor Set II. Furthermore, the outcome of fits of Set I and Set II might differ depending strongly on the experimental measurements. Apart from that we are not aware of a specific reason for the qualitative differences between fits of Set I and Set II for the B → K π, K * π systems compared to B → Kρ, K * ρ systems. As can be seen from Table 5 , pull values from Set II are in general slightly larger than from Set I.
Other decays and comments on
We tested our assumption of universal WA also with data listed in Tables 1, 2, and 3 decays, the analysis is restricted to observable Set I, where in most cases the experimental accuracy is poorer than for previously studied B → K π, Kρ, K * π, K * ρ systems. The ranges for the ratios ξ A 3 (M 1 M 2 ) that are required by the data are listed in Table 4 , which have been commented previously. In Fig. 5 the allowed regions for B → V P systems B → K ω, K φ, K * η are shown, whereas B → K * η has been omitted due to the poor constraints from the respective data. The measurements of branching fractions provide in all three cases already appreciable constraints. Concerning B → K ω, no tensions are observed. In case of C(B 0 →K 0 ω 0 ), we included the HFAG average of the two incompatible measurements of Belle: C = 0.36±0.19±0.05 [29] and BaBar: C = −0.52 +0.22 −0.20 ± 0.03 [63] , which differ by 2.9σ . The HFAG value C = −0.04 ± 0.14 [19] indeed coincides with the theory prediction at the best-fit point (C = −0.02 ± 0.08). One might hope that improved measurements at Belle II will settle this problem. As ΔC(K π), this CP asymmetry is sensitive to the analogous colorsuppressed tree amplitude α u 2 (K ω) and might provide further tests of large HS contributions, which would be clearly visible. As in fact the largest uncertainty in the theory prediction is due to ρ K ω H . It must be noted that although the best-fit point at ρ K ω A = 4.2 exp(i 1.7) corresponds to a large ξ A 3 (K ω) = 2.7, other solutions at 68 % probability with ξ A 3 (K ω) 1 provide equally vanishing pulls of observables.
Finally, the allowed regions for the B → V V systems Fig. 6 . For M M = K * K * final states the measurements of branching fractions require rather large WA contributions, contrary to the other considered V V final states. In all cases, the polarization fractions provide orthogonal constraints, which prefer φ
For the moment measurements of CP asymmetries are only available for B → K * ω and the very recent LHCb measurements for B → K * φ [38] . They are compatible with zero and do not provide constraints yet since the theory predicts also rather small values.
Concerning B → K * φ, we include in addition also available measurements of relative amplitude phases φ ⊥, (purple). The combined allowed region from all observables does not overlap with regions from only branching fractions nor only amplitude phases at 68 % probability, giving rise to large pull values of the branching fraction B(B 0 → K * 0 φ): 1.7σ from BaBar [36] and 2.6σ from Belle [37] ; for C L (B − → K * − φ) of −1.5σ from HFAG [19] ; for C ⊥ (B 0 →K * 0 φ) of 1.2σ from Belle [37] , but not for BaBar (0.2σ ) and LHCb (−0.6σ ); and for φ ⊥ (B 0 →K * 0 φ) of 1.1σ from LHCb [38] , but not for BaBar and Belle (both 0.0σ ). However, the p value of 0.95 of the fit is very high as we include many other measurements that are described consistently in the fit.
Due to a hierarchy of the helicity amplitudes in QCDF A L : A − : A + = 1 : 1/m b : 1/m 2 b [51] for the SM operator basis Eq. (3.2) the following relation should hold:
(4.12)
The experimental situation supports this within current errors. Since the hierarchy of helicity amplitudes does not hold in the presence of chirality-flipped operators beyond the SM, the measurement provides strong constraints on such scenarios. Further, QCDF predicts only small differences for neutral and charged decay modes such that one expects similar predictions for observables in both modes, even in the presence of NP contributions. [64] .
Apart from the mismatch of WA contributions for different initial and final states, there might be another interesting aspect, which can be studied in these decays. Namely, the amplitudes Eq. This is contrary to the requirement of at least one relative strong phase between the CP-conserving and CP-violating part of the amplitude in order to have a nonvanishing CP asymmetry. In consequence CP asymmetries vanish, up to neglected subleading corrections and no complementary information can be gained on the phases φ A apart from the one of the branching fractions. An observation of direct CP violation would therefore point toward additional enhanced subleading corrections, as for example reported in [58] and allow one to discern them from the once due to the WA contribution considered here. The measurement of other WA-dominated decay modes with PV and V V final states can help to further scrutinize WA contributions. For example for M 1 M 2 = PV , one has Tables 1, 2 and 3 . For the purpose of this section, we will study effects which arise from the additional assumption of a universal WA parameter ρ A for decays into same final states mediated by the same quark currents at the weak interaction vertex. This implies in general relations between |ΔS| = 1 and |ΔD| = 1 decays.
In QCDF this assumption might be justified bearing in mind that WA contributions in QCD-penguin-dominated decay amplitudes are numerically dominated by topologies in which the gluon is emitted from the quark current that hadronizes into the final states, namely A This leaves us mainly with the final-state system K π to explore in more detail the consequences of the assumption of universal WA in decays with same final states, since for K * φ the experimental information for the B s decay is not yet accurate enough to derive conclusive insights on this assumption. Especially we would like to test whether the CP asymmetry C(B s → K + π − ), which had been measured recently by CDF [66] and LHCb [67] , can be predicted correctly from WA contributions determined in B → K π decays.
As discussed before in Sect. 4.1, the fit for B → K π does not allow for a simultaneous explanation of the two CP asymmetries C(B − → K − π 0 ) and C(B 0 → K − π + ). For this purpose we determine ρ K π A separately from the combination of the branching fraction and CP asymmetry for each of the two contradicting decays. In addition we used R K c (K π) to suppress solutions from the large WA scenario. The best-fit regions of ρ K π A are shown in Fig. 8a where the contour fromB 0 → K − π + coincides nicely with the one in Fig. 1b , where all constraints had been combined, due to the higher statistical weight of C(B 0 → K − π + ). We note that |ρ K π A | > 1 does originate from the precise measurement of C(B 0 → K − π + ), contrary to C(B − → K − π 0 ), which allows also smaller values of |ρ K π A | as can be seen in Fig. 8a .
Based on our assumption, we predict from both fits the CP asymmetry C(B s → K + π − ); see Appendix B.4 for details. As shown in Fig. 8b , the measurements agree with the prediction from the (K − π + )-fit whereas it fails at more than 4σ for the (K − π 0 )-fit. In this case data supports the assumption that WA might be universal for decays with the same final states. It will be interesting to test these assumption further against improved measurements in the future. On the other hand this result shows that giving up the universality of the WA parameter for final states related by (u ↔ d) exchange, but still insisting on a universal parameter for same final states would also resolve the "ΔA CP puzzle".
New physics scenarios
In the framework of the SM, our analysis in the previous Sect. 4 has shown that the data of all investigated systems can be described with one universal WA parameter per system of decays that are related by (u ↔ d) quark exchange, apart from stronger tensions in B → K π and in B → K * φ. This section is devoted to the attempt to constrain new-physics parameters in fits of the data simultaneously with the determination of one universal WA parameter per system using data from B → K π, Kρ, K * π, K * ρ, and K * φ, i.e., in total five WA parameters ρ
. In the presence of additional degrees of freedom of the NP parameters, one can expect that tensions present in the SM fit will be relaxed and the size of power corrections (ξ A 3 ) can be decreased further. We choose a model-independent approach, assuming NP contributions to Wilson coefficients of operators present in the SM operator basis Eq. (3.1) and their chirality-flipped counterparts obtained by
The B → M 1 M 2 matrix elements of the chirality-flipped operators can be obtained from the non-flipped ones via parity transformations [68] 
; see Eq. (3.6), and analogous relations hold for a i (M 1 M 2 ). In the case of positive/negative polarized final states, form factors and decay amplitudes have to be replaced by their helicity-flipped counterpart e.g.,
In Sect. 5.1 we explore new-physics contributions to the Wilson coefficients of color-singlet QED-penguin Wilson coefficients C 7,9 and their chirality-flipped counterparts C 7,9 . They are well-known solutions of the "ΔA CP puzzle" in B → K π [69, 70] and here we further investigate the compatibility of such NP contributions with data of the four other aforementioned decay systems. As a second modelindependent scenario we consider NP contributions in the Wilson coefficients of the tree-level b → sūu operators in Sect. 5.2. In the SM, they are doubly Cabibbo-suppressed ∼ λ 
NP in QED penguins
The QED-penguin operators O 7,...,10 , see Eq. (3.1), and their chirality-flipped counterparts O 7,...,10 are isospin-violating. Compared to the SM, NP contributions can relax the encountered tensions in ΔC(K π) and R B n (K π) and here we combine B → K π data with additional measurements from the aforementioned decay systems. We will focus on the colorsinglet operators i = 7, 7 , 9, 9 since the matching contributions to Wilson coefficients of the color-octet operators i = 8, 8 , 10, 10 are suppressed by the strong coupling α s . Moreover, in the SM the chirality structure yields very small C 7 and large C 9 , which must not be the case for NP scenarios. Depending on the final state, the two linear combinations
We introduce NP contributions to the Wilson coefficients at the matching scale μ 0 = M W that we set to the mass of the W -boson and for practical purposes we rescale them with the SM value C SM 9 (μ 0 ) = −1.01α e
for i = 7, 7 , 9, 9 . We consider several sub-scenarios
• Single operator dominance Sc-i: C i = 0 and C j =i = 0 for i = 7, 7 , 9, 9 • Parity (anti-)symmetric scenario Sc-77 : C 7,7 = 0 and C 9,9 = 0 Sc-99 : C 9,9 = 0 and C 7,7 = 0 • (Axial-)vector coupling scenario Sc-79: C 7,9 = 0 and C 7 ,9 = 0 Sc-7 9 : C 7 ,9 = 0 and C 7,9 = 0 • Generic scenario Sc-77 99 : C i = 0 with complex-valued C i . Although we introduce a NP parameterization at the matching scale, RG evolution will not lead to mixing of QED penguin operators into QCD and treelevel operators i = 1, . . . , 6 at the order considered here. Thus NP contributions will not modify the leading amplitudê α c 4 , but only α p 3(4),EW and the WA amplitudes β p 3(4),EW . Consequently, branching fractions will become modified only slightly, whereas CP asymmetries can deviate substantially from their SM predictions for nonzero CP-violating phases.
As long as NP contributions do not become very large compared toα c 4 one might still employ the expansion in small mode-dependent ratios 
Im −2r EW, j − 2r in which we used the best-fit point of ρ K π A that was obtained from the SM fit with Set II in the case of i ∈ (EW; EW,C) and no variation of φ K π A is included in the determination of theory uncertainties. The case of r A EW, j is more involved due to the explicit dependence on the WA parameter and we provide two points: (1) 1. Given that Im C 7,9 ∼ O(1), the numerical coefficients imply that the total amount of CP violation from r i, j of i ∈ (EW; EW,C) does not exceed 3.5 %, whereas r C EW,9
is numerically negligible. 2. An accidental cancelation can be observed in (r EW,7 + r C EW,7 ) as well as in (r EW,7 + r EW,9 ) if Im C 7 ≈ Im C 9 . 3. The amount of CP violation from Im C 9 to r A EW can be neglected in both cases (1) and (2), whereas the contribution of Im C 7 can indeed become large. 4. Since the measurement of C(B − →K 0 π − ) = (1.5 ± 1.9) % is rather accurate, it forbids too large CP-violating contributions from Im C 7 if ρ A is fitted.
We start the discussion of our results with the confrontation of our procedure of fitting simultaneously NP and WA parameters, with the conventional QCDF approach, where only NP parameters are fitted and WA parameters are treated as nuisance parameters. As an example, Fig. 9 provides the allowed regions of Re C 7 versus Im C 7 in the scenario Sc-7 from the observable Set II of the B → K π system. We emphasize again that both fits underly very different assumptions, in fact treating ρ K π A as a nuisance parameter implies that it can be different for each decay as well as each observable, whereas fitting it imposes one universal parameter for all observables in the B → K π system. It can be seen that both approaches yield rather different results that overlap only for a very small part of the considered parameter space. The contour from conventional QCDF (red) allows Im C 7 to be rather large and even its sign is not dictated by the data. Contrary to that the correspond- ing contour that we obtain from a simultaneous fit of NP and WA parameters (cyan) becomes strongly constrained and fixes C 7 to be almost purely real. The different outcomes due to the two treatments of ρ A originate from r A EW,7 , which is in both cases the leading NP contribution to ΔC and C(B − →K 0 π − ) in Eq. (5.4). However, for case (ii), r A EW,7 is assigned with an approximately vanishing central value and huge symmetric uncertainties, whereas for (i) the central value of r A EW,7 is large and uncertainties are small. The former implies that both CP asymmetries in Eq. (5.4) can be explained simultaneously due to large uncertainties, which depend linearly on Im C 7 and enter the determination of the individual observables uncorrelated. The latter case, however, implies that a significant modification of one of the two CP asymmetries inevitably induces a similar large contribution to the other. Since C(B − →K 0 π − ) is measured rather accurately and consistent with its value at the best-fit point of the SM fit, large contributions to Im C 7 are consequently forbidden (see 4). This shows that the bounds on a NP parameter space strongly depend on the treatment of ρ A .
Bounds on the complex-valued Wilson coefficients C
from fits in scenarios of single operator dominance are shown in Fig. 10 for each of the decay systems B → K π, Kρ, K * π, K * ρ, K * φ at 68 % and their combination at 68 and 95 % probability. Due to the different dependence of the spin of the final states on chirality-flipped operators; see Eq. (5.1) and comments below, the contours for B → P P, V L V L systems are mirrored at the origin, whereas for B → PV systems they remain invariant, when considering scenarios that are related by C i ↔ C i . As can be expected from the pull values of the SM fit, shown in Table 5 , the allowed regions from B → Kρ, K * ρ contain the SM, whereas some small pulls in B → K * π can be reduced with non-SM values of C 9,9 . Concerning B → K π , the data prefers NP contributions that are almost purely real for Sc-7, 7 and imaginary for Sc-9, 9 , excluding the SM with a probability of more than 95 %. As already explained above, experimental data of C(B − →K 0 π − ) forbids large contributions to Im C 7 , implying also small ΔC in the approximation of small r i, j as used in Eq. (5.4) . Nevertheless, in our approach r A EW,7 can become rather large, see Eq. (5.5), such that second order interference terms ∝ r T r A EW,7 Re C 7 , which do not exactly cancel in ΔC, can provide better agreement with the data. The improvement of the tension is quantified in Table 6 at the best-fit point of the combination of all five decay systems. For example, scenarios Sc-7, 7 allow one to reduce the pull of ΔC of −2.8σ in the SM below −1σ , and similarly for R B n (K π). In scenarios Sc-9, 9 the solution to the "ΔA CP puzzle" proceeds via r EW,9 , see Eq. (5.5), requiring large values of Im ΔC 9 , which are strongly disfavored by measurements of direct CP asymmetries in B → K * φ. In consequence of this strong tension, Sc-9, 9 cannot really improve existing pulls of the SM, except for R B n (K π), which results in a very small improvement of Δχ 2 (SM), shown in Table 6 . Contrary, Sc-7, 7 exhibits a large improvement of Δχ 2 (SM) since here the allowed region of the Wilson coefficient from B → K * φ is compatible with the one from
The analysis of scenarios that are dominated by single operators has shown that NP in QED-penguin operators is suitable to sufficiently address all tensions present in the SM, though not all in one particular scenario. The benefits of each single scenario combines in the generalized scenarios, as is evident from the improvement of Δχ (SM) in Table 6 . In fact, the most general considered Sc-77 99 has greatly reduced pull values compared to the SM and largest Δχ (SM). Concerning models that allow for NP in two Wilson coefficients, only Sc-99 cannot resolve tensions in B → K π, K * π, K * φ, showing that NP is required in C 7 , respectively C 7 . In Fig. 11 , we show the contours for Re C i versus Re C j and Im C i versus Im C j of the fits of Sc-77 , Sc-79, and Sc-7 9 . The features of Fig. 10 are present again, namely large imaginary parts for the Wilson coefficients are excluded, whereas for C ( ) 7 non-SM values for the real parts are allowed, disfavoring the SM by more than 95 % probability in all three scenarios. On the other hand large imaginary parts for C ( ) 9 can only arise in Sc-99 and Sc-77 99 , since only Im C 9 is bound to be close to zero by the combination of B → K * ρ, K * φ.
Measurements of the mixing-induced CP asymmetries ΔS f only exist for two out of the five considered decay systems:B 0 →K 0 π 0 andB 0 →K 0 ρ 0 . Since these are rather imprecisely measured, we omit ΔS f as constraint from the fit and instead give predictions for each scenario of single operator dominance together with the SM prediction in Table 7 . In the case of the SM, we observed that the mixing-induced CP asymmetries are insensitive to the resid- Table 6 Compilation of best-fit points and pull values with |δ| ≥ 1.6 for the model-independent fits of scenarios with NP in QED-penguin operators. C(K * 0 φ) and B(K * 0 φ) are for experimental values [37] Re(C ual ρ A parameter space that is allowed from constraints of branching fractions and direct CP asymmetries. As a consequence, the SM predictions are dictated by error estimation of the nuisance parameters and therefore quoted as interval. We have seen from the fits that CP-violating NP contributions to C ( ) 7 are strongly disfavored and to C ( ) 9 tightly constrained. Although Im C 9 could still become large if C 9 and C 9 are modified, such scenarios do not significantly increase the quality of the fit. Hence, mixing-induced CP asymmetries are not strongly affected in the case of single operator dominance and in most cases the central values of NP predictions coincide with the SM interval. Ratios of branching fractions, respectively branching fractions are more sensitive to, for example, large real-valued C ( ) 7 . In particular, the purely isospin-breaking branching fractions B s → φπ, φρ as well as R B s n (K K ), which predictions are also accumulated in Table 6 , are sensitive to NP in QED-penguin operators. Indeed, all four considered scenarios, except for the branching fraction of B s → φπ in Sc-7 and Sc-9 , predict a further suppression of B(B s → φπ, φρ), which would unfortunately require even more experimental effort to observe these very rare decays. On the contrary, the prediction of R B s n (K K ) remains unchanged within Sc-9 ( ) , whereas it largely deviates within Sc-7 ( ) compared to the SM.
Apart from the NP parameters discussed so far, we simultaneously fitted one universal WA parameter per decay system. The comparison of the best-fit points of these parameters with the SM fit is summarized in Table 8 for each of the considered scenarios. These best-fit points lie in the solutions that were singled out by the SM fit, owing to the fact that NP in QED-penguin operators does not modify the numerically leading decay amplitudeα c 4 . We further provide ranges for the ratios ξ A 3 at 68 % probability that quantify the relative size of subleading WA amplitudes, which have been determined according to the procedure given in Sect. 3.2. The presence of NP always allows for smaller values of ξ A 3 than in the SM fit. In the most general scenario Sc-77 99 the size of power corrections can be lower than 15 % for all considered decay systems. Especially for B → Kρ, K * ρ also simpler NP scenarios already lead to a significant reduction. On the other hand the presence of NP might allow also for very large values of ξ A 3 in most systems, except for
NP in tree transitions b → sūu
In the case of the SM, isospin-breaking contributions to hadronic B decays occur either through QED-penguin operators, which were investigated in the previous section, or through tree-level operators with an up-quark current. The latter operators occur in the SM in a color-singlet, O u 1 , and -octet, O u 2 , configuration and are the only source of CP violation in the SM for flavor-violating b → s transitions of B Table 8 Compilation of best-fit points for ρ A and ξ A 3 at 68 % probability. The results are given for the considered decay systems and scenarios Sc-i. As explained in Sect. 3.2, the interval of mesons. Hence, these operators seem to be suitable to address the tensions of the SM in both ΔC(K π) as well as R B n (K π) if they can be enhanced. We also encountered some discrepancy in the branching fraction of B → K * 0 φ, but these decays do not directly depend on either of the two tree-level operators, leaving their explanation, at least in the context of the following discussion, due to statistical fluctuation or underestimated theory uncertainties. Due to the strong CKM hierarchy in b → s transitions, b → sūu operators give only numerically important contributions to CP asymmetries, contrary to b → dūu operators, which are constrained by well-measured branching fractions and CP asymmetries in tree-dominated decays B → ππ, ρρ, ρπ [21] .
We introduce the following NP contribution to the Hamiltonian of Eq. (3.1):
where we choose μ 0 = M W as before. Although C u 1,2 mix into Wilson coefficients of all other SM operators, this contribution is doubly Cabibbo-suppressed compared to C c 1,2 and numerically negligible in all amplitudes, except for r T , r C T . As discussed in Eq. (4.5), in the SM the latter two are the dominant contributions in CP asymmetries for decay systems considered below.
In connection with the SM, we already discussed in Sect. 4.1 the possibility of a large hard-scattering solution to the A CP (K π) problem; see also [60] . Here we show that the assumption of NP in b → sūu operators provide qualitatively different solutions to large hard scattering. For this purpose we recall the dependence of CP asymmetries and ratios of branching fractions Eq. (2.15) on the tree amplitudes:
when utilizing the expansion in small r i and the dots stand for contributions of further r i that are not affected from NP in the considered scenarios. Hard scattering enters only the r i , especially r C T . Hence, direct and mixing-induced CP asymmetries become correlated through their common dependence on Im (C j e −iγ ), whereas they depend differently on hard scattering. Analogous, qualitative differences exist among CP asymmetries and the ratios R. In consequence, when mixinginduced CP asymmetries become more precisely measured, it will be possible to distinguish both scenarios.
We investigate the effects of the complex-valued Wilson coefficients C j = |C j |e iδ j separately and in combination in the three scenarios: 
and B → K * ρ (purple). The combined contour (red) is shown for 68 and 95 % CRs. The filled diamond corresponds to the best-fit point of the combined fit Table 9 Compilation of best-fit points and pull values, with |δ| ≥ 1.6, for the model-independent fits of b → sūu operators Table 9 , whereas its weak phase γ receives only marginal corrections from δ 1 ≈ −8.8 • . Since all contours from the individual decay systems nicely overlap with each other, we expect to resolve the discrepancy that are present for the SM in B → K π without introducing new tensions in the data of other decay systems. This is confirmed from the pull values listed in Table 9 . It can also be seen from the table that the tensions in ΔC(K π) and R B n (K π) can be well explained within Sc-2 and Sc-12 when tolerating an increasing tension in R B n (K * π) of 1.6σ , respectively 1.1σ .
The corresponding contours of C u 2 are displayed in Fig. 12b . The combined contour reduces to a common area of the allowed regions for the decay systems B → K π, Kρ, K * ρ, whereas the green contour from B → K * π is slightly separated from the combination. The SM value of the color-octet Wilson coefficient, C As in the previous analysis of the QED-penguin operators, we quote in Table 10 predictions for several mixinginduced CP asymmetries as well as for the isospin-sensitive branching fractions of B s → φπ, φρ and for R B s n (K K ). The impact from an enhanced C u 1 on these observables is small and rather challenging to isolate from the SM background, which is not the case for NP in C u 2 . Especially the predic- tions of the mixing-induced CP asymmetries of the decays B → K π, Kρ, K * π, K * ρ and B → K ω are visibly different compared to the SM, making these observables an ideal probe of NP in the color-octet operator. The same is true for the branching fractions of B s → φπ, φρ, which we found to be enhanced by a factor of 5-6 for Sc-2 and by more than a factor of 10 in the case of Sc-12. Although these predictions largely deviate from the one of the SM, existing measurements do not contradict NP in C u 2 due to lacking precision. As before, the NP contributions to the Wilson coefficients have been fitted simultaneously with WA parameters ρ A for each decay system in all considered scenarios. Since NP in b → sūu operators do not contribute directly to the leading decay amplitudeα c 4 but rather indirectly through the common dependence on the likelihood function, we expect moderate changes of WA compared to the results of the SM fit. The best-fit points of the individual ρ A as well as the 68 % probability intervals of ξ A 3 are summarized in Table 11 for each of the three scenarios. We observe that almost all best-fit points of ρ A lie within the contour regions of the SM fit. The only exceptions are ρ Kρ A in Sc-12 and ρ K π A for all considered scenarios. For the latter, the most likely values of |ρ K π A | in the case of Sc-1 and Sc-2 are significantly reduced compared to the SM, whereas φ K π A tends toward smaller strong phases in the combined scenario. Due to the additional degrees of freedom, it is possible that the relative amount of powersuppressed corrections can be reduced. In general ξ A 3 is most strongly affected in the combined scenario, for which we find lower bounds on ξ A 3 (K π) 0.13, ξ A 3 (Kρ) 0.22, and ξ A 3 (K * ρ) 0.27. The potential suppression of ξ A 3 for B → K * π is less effective and a relative amount of powersuppressed contribution of at least 0.54 is required in any case. It is worth to notice that the large WA scenario is still disfavored for B → K π , which is in general not true for all other decay modes.
Conclusion
In this work we have carried out a phenomenological study of QCD-and QED-penguin-dominated charmless 2-body B-meson decays in the framework of QCD factorization (QCDF). In particular we investigated whether data supports the assumption of one universal parameter, ρ A , in weakannihilation (WA) contributions for decay channels related by (u ↔ d) quark exchange in B u,d,s meson decays to P P, V P, and V V final states, while the remaining theory uncertainties are incorporated in an uncorrelated manner.
We analyze the decay systems of B u,d decays into
states and employ the available data (see Tables 1, 2, 3) on Table 11 Compilation of best-fit points for ρ A and ξ A 3 at 68 % probability. The results are given for the considered decay systems and scenarios Sc-i. As explained in Sect. 3.2, the interval of ξ A 3 (NP) should be compared to ξ A 3 (SM) at the best-fit point of ρ A , listed in the first row branching fractions, direct CP asymmetries and for V V final states also polarization fractions and relative phases between polarization amplitudes. Within the standard model (SM), the data can be described using one universal WA parameter for each decay system. The only exception is the B → K π system when using Set II of observables, as specified in Sect. 2.2, which includes ΔA CP and R B n , as a manifestation of the "ΔA CP puzzle" in our framework. The only other noticeable pull value of 2.6σ (1.7σ ) arises for the measurement of B(B 0 →K * 0 φ) from Belle (BaBar). For each system, there are at least two allowed regions at 68 % CR with the best-fit solution residing in one of them (see Table 4 ). These two regions correspond to phases close to π and 2π , outside of regions of large destructive interference of WA amplitudes with leading amplitudes. Moreover, the ratio of the magnitudes of WA amplitudes to leading amplitudes, ξ A 3 (see Table 4 ), is similar in size in both regions and within the 68 % CR it is possible to have ξ A 3 < 1 (except for B s → K * K * ) and for the majority even ξ A 3 < 0.5. The current data is thus described by the employed approximations in the 1/m b expansion without the need of anomalously large WA contributions. We emphasize that in our analysis the "ΔA CP puzzle" is only present if we assume a universal WA parameter that can be fitted from data. If we lift this assumption the anomaly would only reappear if we restrict our analysis to rather small WA parameters ρ A . Without such a restriction, however, the non-linear dependence of ξ A 3 on ρ A still permits reasonably small ξ A 3 , which are not larger as currently accepted in the literature.
We studied also ratios of branching fractions and differences of CP asymmetries (Set II) for the decay systems B → K π, K * π, Kρ, K * ρ. They are less sensitive to form factor and CKM uncertainties or are especially sensitive to numerically suppressed contributions from tree topologies. The according results listed in Table 5 show that currently both sets yield good fits to the data, except for B → K π , where Set II has a p-value of only 4 %. The data of ratios of branching fractions and differences of CP asymmetries have been obtained by ourselves from measurements of observables in Set I. This neglects correlations and potential cancelations of systematic uncertainties accessible only in the experimental analyses. In this regard, future analysis would benefit from the direct experimental determination of these composed observables.
In view of the large pull value of 2.8σ for ΔA CP in B → K π , we performed also a simultaneous fit of the WA and hard-scattering (HS) phenomenological parameters in the SM. The HS contribution necessary to lower the pull value of ΔA CP to 1.0σ is not larger than typically considered in conventional error estimates in the literature - We investigate the feasibility to constrain new-physics (NP) scenarios in view of the aforementioned tensions in the SM. Within our framework this requires the fit of WA phenomenological parameters simultaneously with NP parameters from data. In contrast to the conventional handling of WA contributions within QCDF, we find that the assumption of one universal parameter per decay system yields stronger constraints on new-physics parameters for the considered scenarios. We have studied model-independent scenarios of NP in QED-penguin operators as possible solutions to the "ΔA CP puzzle" in B → K π and tensions in B → K * φ, taking into account also data from the systems B → Kρ, K * π, K * ρ. As a second possible solution to the "ΔA CP puzzle" we investigated NP in b → sūu current-current operators including again data from B → Kρ, K * π, K * ρ. For each scenario we provide the bestfit regions of the NP contributions to the according Wilson coefficients, reduction of χ 2 compared to the SM fit, the pull values of observables, and predictions of mixinginduced CP asymmetries, as well as branching fractions of B s → φπ, φρ.
In both classes of NP scenarios there is no direct contribution to the numerically leading amplitude of QCD-penguin operators, since we consider only new isospin-violating contributions. In consequence, the allowed regions of WA parameters do not differ qualitatively from those of the SM fit. Yet, the combined fit of NP and WA allows for smaller ξ A 3 in all scenarios compared to the SM.
It is conceivable that one day factorization theorems will be established even for WA contributions involving then new nonperturbative quantities. Our studies suggest that it will be possible to extract these new quantities also from data in the lack of first-principle nonperturbative methods of their calculation. It will be important to have access to more accurate measurements of the involved observables which should become available from Belle II and LHCb within the next decade. 
while keeping all others at their central values. Clearly, this is an approximation that neglects more complicated interdependences of observables on several parameters and also possible correlations among different nuisance parameters. The nuisance parameters are listed in Table 12 .
In the presence of nuisance parameters, we will adopt the simple procedure to use the maximal value of the pdf inside the interval of the theory prediction, hence replacing in (B3) point θ * -usually the best-fit point(s)-the quality of the fit for different sets of data Set I and Set II. For this purpose we will assume the model with the specific choice θ * , allowing us to produce frequencies of possible outcomes within the model. We will use two ways to calculate p values.
The common definition is used as a first possibility, assuming the validity of normal and all independent pdf's. It consists in the evaluation of the cumulative of the χ 2 -distribution-the latter denoted by f (x, N dof ), with N dof number of degrees of freedom-starting from the value χ 2 * = −2 log L(θ * )
and corresponds to the probability of observing a test statistic at least as extreme in a χ 2 distribution with N dof . Values of p < 5 % are usually referred to as "statistical significant" deviation from the null hypothesis, i.e., the validity of the model with parameters θ * . As usual, the number of degrees of freedom is given as N dof = (N meas − dim(θ)), with N meas denoting the number of measurements.
As a second possibility we calculate the p value defining a test statistics based on the likelihood [86] . The according frequency distribution is determined from 10 6 pseudo experiments in the lack of raw data and experimental efficiency corrections that require dedicated detector simulations. i (θ * ), neglecting possibly different experimental efficiency corrections. In each pseudo experiment, possible experimental outcomes are drawn for all measurements in the data set from the shifted pdf's and the likelihood value is compared to that of the observed data set, determining this way the fraction of pseudo experiments with smaller likelihood values. The p value is identified with this fraction, however, for the number of degrees of freedom that corresponds to the number of measurements N meas in the data set. Subsequently, we correct the p value by converting it to a χ 2 value with the help of the inverse cumulative distribution with N meas degrees of freedom and recalculate it for the actual N dof [87] using (B10).
Appendix B.4: Probability distributions of observables
If certain observables are not yet measured or despite an existing measurement are not included in the data set D of the fit, one might obtain a prediction of its probability distribution given the data D and model M [86] . We calculate the considered observables at each point of the Markov Chain for the current value of θ and determine the interval of the theory uncertainty ] due to nuisance parameters as described in Appendix B.1. The obtained intervals are used to fill a histogram that is normalized eventually to obtain a probability distribution.
